-Strategies to enhance weight loss with a high fat-to-lean ratio in overweight/obese older adults are important since lean loss could exacerbate sarcopenia. We examined how dietary protein distribution affected muscle protein synthesis during energy balance (EB), energy restriction (ER), and energy restriction plus resistance training (ER ϩ RT). A 4-wk ER diet was provided to overweight/obese older men (66 Ϯ 4 yr, 31 Ϯ 5 kg/m 2 ) who were randomized to either a balanced (BAL: 25% daily protein/meal ϫ 4) or skewed (SKEW: 7:17:72:4% daily protein/meal; n ϭ 10/group) pattern. Myofibrillar and sarcoplasmic protein fractional synthetic rates (FSR) were measured during a 13-h primed continuous infusion of L-[ring-13 C6]phenylalanine with BAL and SKEW pattern of protein intake in EB, after 2 wk ER, and after 2 wk ER ϩ RT. Fed-state myofibrillar FSR was lower in ER than EB in both groups (P Ͻ 0.001), but was greater in BAL than SKEW (P ϭ 0.014). In ER ϩ RT, fed-state myofibrillar FSR increased above ER in both groups and in BAL was not different from EB (P ϭ 0.903). In SKEW myofibrillar FSR remained lower than EB (P ϭ 0.002) and lower than BAL (P ϭ 0.006). Fed-state sarcoplasmic protein FSR was reduced similarly in ER and ER ϩ RT compared with EB (P Ͻ 0.01) in both groups. During ER in overweight/obese older men a BAL consumption of protein stimulated the synthesis of muscle contractile proteins more effectively than traditional, SKEW distribution. Combining RT with a BAL protein distribution "rescued" the lower rates of myofibrillar protein synthesis during moderate ER. aging; energy restriction; stable isotope
SARCOPENIA, THE PROGRESSIVE loss of skeletal muscle mass with age, is associated with declines in strength and functional capacity, and increased risk for disability and mortality (21, 26) . Progression of sarcopenic muscle loss occurs when the rate of muscle protein breakdown chronically exceeds muscle protein synthesis (MPS) (40) . As potent sarcopenic "countermeasures," protein ingestion and resistance exercise independently drive the synthesis of new muscle proteins and interact synergistically to stimulate protein synthetic rates (40) . However, aging is associated with a reduced MPS response following both protein consumption (34) and resistance exercise (25) . This phenomenon, termed "anabolic resistance," has been implicated as an important factor in sarcopenic muscle loss (11, 24) .
The dose of ingested protein required to maximally stimulate MPS in older adults remains to be clearly established. Nevertheless, MPS increases in a protein dose-response fashion, and doses in the range of 30 -40 g of high-quality protein maximally stimulate MPS under resting conditions (34, 39, 41, 53) . Older adults tend to consume protein in a "skewed" fashion, consuming almost 50% of their daily protein at the evening meal (45) . Given that MPS is protein dose-responsive (34, 39, 41, 53) , it has been speculated that a "balanced" per meal distribution of protein intake, with consumption of at least 30 g of protein/meal, would provide an optimal stimulation of MPS and potentially alleviate muscle loss (36, 47) . The recommendation of an intake of 30 g protein/meal would necessitate a protein intake exceeding the current U.S.-Canadian recommended dietary allowance (RDA) of 0.8 g·kg Ϫ1 ·day Ϫ1 . Nonetheless, numerous scientific committees have recommended higher protein intakes to support the maintenance/ regain of muscle mass and function in older adults (3, 15, 47) .
The prevalence of obesity is increasing among older adults and is often concomitant with a low skeletal muscle mass, a scenario termed "sarcopenic obesity" (4) . A sustained energy deficit, achieved through a reduction in energy intake and/or increased energy expenditure, is a prerequisite for the loss of body mass; however, energy restriction (ER) alone results in weight loss comprised of both fat and lean body mass, with lean tissue generally accounting for ϳ25% (50) . The addition of exercise, particularly resistance training (RT), to a hypocaloric diet has been shown to be effective in retention of greater amounts of lean tissue (17, 27) . Because ER-induced weight loss results in loss of fat and lean tissue this could lead to an "acceleration" of sarcopenic muscle loss. Thus, there is a need to identify strategies that facilitate simultaneous fat mass loss and muscle mass retention.
We examined the impact of dietary protein distribution on the synthesis of specific muscle protein fractions during periods of ER, with and without RT, compared with energy balance (EB) in 20 overweight/obese older men. We hypothesized that a balanced (BAL) distribution of dietary protein intake throughout the day would stimulate myofibrillar protein synthesis to a greater magnitude compared with a skewed (SKEW) distribution. Furthermore, we hypothesized that this effect would be enhanced after undertaking RT.
METHODS
Ethical approval. This study was approved by the Hamilton Health Sciences Research Ethics Board and conformed to the standards for the use of human subjects in research as outlined by the Canadian Tri-Council Policy on the ethical use of human subjects in research (http://www.pre.ethics.gc.ca/pdf/eng/tcps2/TCPS_2_FINAL_Web.pdf). Each participant was informed of the purpose of the study, experimental procedures, and potential risks before written consent being provided.
Participants. Twenty overweight and obese older adult men [age 66 Ϯ 4 yr, body mass index (BMI) 31 Ϯ 5 kg/m 2 ] were recruited to participate in the study through posters and via local newspaper advertisements. Inclusion criteria were men, 60 -75 yr of age, BMI between 27 and 40 kg/m 2 , nonsmokers, and generally healthy according to responses to a standard health screening questionnaire. Exclusion criteria included self-reported diabetes mellitus, cardiovascular disease, renal disease, gastrointestinal disease, musculoskeletal injuries, significant body mass loss in the 3-mo period before the study, vegetarianism, and use of medications known to interfere with muscle metabolism, including statins, ␤-blockers, hormone replacement therapy, antiarrhythmic drugs, oral hypoglycemic agents, and insulin. Inclusionary medications were low-dose aspirin (81 mg/day), type I and II 5 ␣-reductase inhibitors (avodart and propecia), xanthine oxidase inhibitors (allopurinol), calcium channel blockers, and selective serotonin reuptake inhibitors. Before commencing the study, participants completed a 5-day weighed food record (3 weekdays and 2 weekend days), and these were analyzed using a commercially available software program (Nutribase version 11.5; Cybersoft, Phoenix, AZ) to assess habitual dietary intake.
Study overview. An overview of the study design is shown in Fig. 1 . Participants were provided with a 3-day lead-in diet (days Ϫ3 to 0) designed to provide energy to maintain EB immediately before commencing a 4-wk hypocaloric feeding intervention with RT. Before entry, participants were randomly allocated to one of two groups (n ϭ 10/group) matched for age and BMI (BAL or SKEW). In BAL, participants were provided with diets that evenly distributed dietary protein across their daily meals, and in SKEW the majority of protein was provided as part of the evening meal. The 4-wk intervention consisted of two ϫ 2-wk phases. In weeks 1 and 2 all participants were in ER (Phase 1:ER) and continued their habitual physical activity. In weeks 3 and 4, while still energy restricted, all participants commenced a supervised RT program (Phase 2:ER ϩ RT) in which they undertook whole body, progressive RT on 3 days/wk. The rates of MPS in response to a BAL or SKEW pattern of protein intake were measured at the conclusion of the energy balanced lead-in diet (trial 1, day 0), at the end of Phase 1:ER (trial 2, day 14) , and at the end of Phase 2:ER ϩ RT (trial 3, day 28). Participants were required to wear a pedometer and accelerometer (SenseWear v7.0; BodyMedia, Pittsburgh, PA) for 3 days immediately before each experimental infusion trial to monitor the number of daily steps and habitual physical activity.
Diets. At baseline, each participant's energy requirement to maintain EB was calculated using the Mifflin St. Jeor equation (16, 30) with the appropriate activity factor, which was determined for each participant based on their response to a standard habitual physical activity questionnaire before intervention. During the 3-day lead-in phase, participants consumed a diet providing 100% of estimated energy requirements, including 1 g protein·kg Ϫ1 ·day Ϫ1 . During this lead-in period, protein was distributed in a traditional skewed pattern (i.e., small amount of protein at breakfast and lunch and the majority of protein at the evening dinner meal). The macronutrient breakdown of the lead-in diet was 55% energy from carbohydrate, 15% from protein, and 30% from fat. The purpose of the lead-in diet was to ensure participants commenced the study in EB and to minimize the influence of interparticipant differences in habitual protein intake.
During the 4-wk energy-restricted period, participants in both groups consumed a diet providing 300 kcal/day less than their estimated energy requirements to maintain EB. The diets provided 1.3 g protein·kg Ϫ1 ·day Ϫ1 , and dietary carbohydrate and fat were both manipulated within the ranges 50 -55 and 20 -25% of total energy intake, respectively, to achieve the target energy intake for each participant. Although the diets in both groups contained the same total amount of daily protein, they differed in the distribution pattern. In BAL, protein was evenly distributed across the four daily meals (ϳ25% of total protein intake at breakfast, lunch, dinner, and prebed snack), with each meal providing Ն30 g (Ն0.33 g/kg) protein. In SKEW the majority of daily protein intake was provided with the evening dinner meal (ϳ7% at breakfast, ϳ17% at lunch, ϳ72% at dinner, and ϳ4% prebed). In SKEW, the protein content of breakfast, lunch, and the prebed snack was Ͻ20 g (Ͻ0.22 g/kg), and dinner provided 70 -110 g (ϳ0.94 g/kg), depending on each participant's daily protein requirement. In both groups, meals contained a variety of plant-and animalbased protein sources. In BAL, a ready-to-drink whey protein micelle (WPM) beverage (240 g: 25 g protein, 3 g carbohydrate, 0.6 g fat; Nestle, Lausanne, Switzerland) was consumed as part of breakfast and the prebed snack as a practical means of achieving target protein intakes at these meals, which are typically low in protein (43, 45) . SKEW did not consume a WPM supplement throughout the intervention and therefore received their total daily protein intake from food sources only. To Fig. 1 . Schematic overview of study design. DEXA, dual-energy X-ray absorptiometry; EB, energy balance; ER, energy restriction; ER ϩ RT, energy restriction and resistance training; PA, physical activity assessed using accelerometry; SKEW, skewed; BAL, balanced. minimize any potential psychological influence of consuming a protein supplement in BAL, participants in SKEW consumed a protein-free, low-energy placebo drink (240 g: 0.2 g protein, 3 g carbohydrate, 0.6 g fat; Nestle) similar in appearance, smell, and taste to the WPM beverage, with breakfast and the prebed meal. Participants were not told their group allocation and were blinded to the composition of their assigned study beverage. Although complete blinding to a dietary intervention is difficult, we took several measures to minimize obvious differences between the diets. Provision of the study beverages with breakfast and the prebed snack allowed us to provide similar foods to both groups for these meals (i.e., breakfast cereals, milk, fruit, granola bars, juice, and nuts). Similar foods were also provided for lunch and dinner in both groups (i.e., skimmed milk and prepackaged frozen meals) although the serving sizes of meat within the meals differed between groups.
All study diets were designed by a research dietitian who met with each participant individually to customize meal plans in-line with their personal food preferences. To enhance compliance, participants were supplied with all of the food required for the duration of the study, which consisted of meals that required minimal preparation. The meal plans specified the time of day meals should be consumed (breakfast: 0700, lunch: 1200, dinner: 1700, prebed snack: 2200), and participants were instructed to mark food items that were consumed in a log. Eating food not provided by the study was discouraged, but, if this occurred, the participant logged the extra food that was consumed. The daily logs were returned by participants and checked by the research dietitian on a weekly basis.
Exercise training. During weeks 3 and 4 participants underwent a progressive, low-load, high-volume RT program (31) consisting of three training sessions per week (6 sessions total) with at least 1 day between each session. Each session consisted of two upper body exercises (chest press, seated row; Hur) and three lower body exercises (leg press, leg extension, leg curl; Hur). Training sessions in week 3 consisted of two sets and in week 4 consisted of three sets (4 sets in the final training session) of each exercise performed to the point of volitional fatigue. A strength test was conducted at least 1 day before the start of the lead-in phase of the intervention to determine the maximum load that each participant could lift for 20 -30 repetitions of each exercise. This load was used for the first set of each exercise in the first training session. Once a participant was able to complete more than 30 repetitions with a given load, the weight was increased to maintain each participant within the target repetition range of 20 -30. Trained study personnel individually supervised each training session, verbally encouraged participants, and completed training logs detailing the load and repetitions for every session. All training sessions were performed in the morning before breakfast, and the final training session was performed 48 h before the third experimental infusion trial.
Anthropometrics and body composition. Height was measured to the nearest 0.1 cm using a stadiometer, and body mass was assessed to the nearest 0.1 kg using a calibrated scale. Whole body dual-energy X-ray absorptiometry scans (QDR-4500A, software version 12.31; Hologic, Bedford, MA) were carried out after an overnight fast by the same trained technician to determine fat mass and (fat and bone free) lean mass. Appendicular skeletal muscle mass (ASMM) was measured as the sum of arm and leg lean mass.
Experimental infusion protocol. Participants reported to the laboratory via automobile or public transportation at ϳ0600 following a 10-to 12-h overnight fast. Upon arrival a catheter was inserted in an antecubital vein to obtain a baseline blood sample before initiating a 0.9% saline drip to keep the catheter patent to allow for repeated arterialized blood sampling. Arterialized blood samples (13) were obtained repeatedly during the infusion trial by wrapping a heating blanket around the forearm. A second catheter was inserted into the antecubital vein of the opposite arm, and a primed, continuous infusion (0.05 mol·kg
C6]phenylalanine (Cambridge Isotope Laboratories, Woburn, MA) was initiated and maintained for the next 13 h while the participants rested comfortably on a bed. Participants consumed a WPM supplement (Nestle) 2, 5, and 8 h following the onset of the primed constant infusion with the purpose of simulating a BAL or SKEW meal pattern. Both groups consumed a total of 75 g of WPM during each trial. In BAL, 25 g of WPM was consumed at 2 h (breakfast), 5 h (lunch), and 8 h (dinner). In SKEW, the WPM dose was 10 g at 2 h, 15 g at 5 h, and 50 g at 8 h. All protein "meals" were from original ready-to-drink beverages and were enriched to 4% with L-[ring-
13
C6]phenylalanine to minimize disturbances in isotopic equilibrium following amino acid ingestion (6) . The spacing of 3 h between each protein "meal" was selected based on previous work showing that MPS is stimulated and returns to basal levels within 3 h of protein ingestion (2) . The period following the "dinner" protein meal was extended to 5 h to ensure we did not "miss" the influence a potentially more prolonged stimulation of MPS in SKEW with the large dinner protein dose. Plasma samples were obtained before and 15, 30, 45, 60, 120, and 180 min after all meals and additionally 240 and 300 min after dinner during all trials. In trials 2 and 3, skeletal muscle biopsies were obtained directly before the initiation of the primed continuous infusion, at 2 h (immediately before ingestion of the first WPM feeding) and 13 h following infusion initiation. In trial 1 biopsies were obtained only at 2 and 13 h, and the fasted (0 -2 h) fractional synthetic rate (FSR) was calculated based on the 13 C enrichment of mixed plasma proteins obtained from the preinfusion blood sample and the skeletal muscle biopsy following 2 h of tracer incorporation (5) . Muscle biopsies were obtained from the vastus lateralis muscle using a 5-mm Bergström needle adapted for manual suction under 2% xylocaine local anesthesia. The tissue samples were freed from visible fat and connective tissue and frozen immediately in liquid nitrogen for further analysis. Details of the infusion protocol are outlined in Fig. 2 . Analytical procedures. Blood glucose concentration was measured using a blood glucose meter (OneTouch Ultra 2; Lifescan, Milpitas, CA) within 2 min of blood collection. Plasma insulin concentration was measured using a commercially available immunoassay kit (ALPCO Diagnostics, Salem, NH). Plasma amino acid concentrations were analyzed via gas-chromatography-mass spectrometry using the Phenomenex EZfaast (Torrance, CA) amino acid analysis kit per the manufacturer's instructions. Plasma L-[ring-
13 C6]phenylalanine enrichment was determined as described previously (19) .
Myofibrillar-and sarcoplasmic-enriched protein fractions were isolated as previously described (35) . Amino acids were liberated by adding 1 M HCl and DOWEX (50WX8-200 resin Sigma-Aldrich) and heating at 110°C for 72 h, with vortex mixing every 24 h. Free amino acids were purified using DOWEX ion exchange chromatography and converted to their N-acetyl-n-propyl ester derivatives for analysis by gas chromatography combustion isotope ratio mass spectrometry (Hewlett Packard 6890, IRMS model Delta Plus XP; Thermo Finnagan, Waltham, MA) as described previously (35) .
Calculations. Total area under the concentration vs. time curve (TAUC) and concentration maximum (C max) were calculated for insulin and for amino acid data for each protein meal (breakfast: 2-5 h, lunch: 5-8 h, dinner: 8 -13 h). The FSR of myofibrillar and sarcoplasmic protein were calculated using the standard precursorproduct equation:
where Exb is the protein-bound enrichment from biopsy x according to the protocol (Fig. 2) , Ep is the mean integrated plasma L-[ring-13 C6]phenylalanine enrichment during the time period for determination of amino acid incorporation, and t is the tracer incorporation time in hours. The utilization of "tracer naïve" participants allowed us to use a preinfusion blood sample (i.e., a mixed plasma protein fraction) as the baseline enrichment (E 1b) for calculation of basal (i.e., fasted) FSR in trial 1, an approach that has been validated (5). Trials 2 and 3 included a baseline muscle biopsy before the infusion began to account for changes in protein-bound enrichment from trial 1.
Statistical analysis. All analyses were performed using SPSS (version 22.0, Chicago, IL). The Shapiro-Wilk test was used to check data for normality. If data were not normally distributed, values were transformed by using the square root or ln of the value. The statistical analysis was performed on transformed data, but nontransformed data are presented in graphic or tabular form for clarity. Mauchly's test of sphericity was used to assess homogeneity of variances, and if this assumption was violated the Greenhouse-Geisser correction of the degrees of freedom was used. Baseline characteristics (body composition, dietary intake parameters, physical activity level) were compared between groups using an unpaired t-test. Myofibrillar and sarcoplasmic FSR were analyzed separately using a two-factor (group ϫ trial) mixed-model ANOVA for each feeding state (fasted and fed). Other variables were analyzed using a three-factor (group ϫ trial ϫ meal) mixed-model ANOVA, as appropriate. Significant main effects were further analyzed using simple planned contrasts. Tukey's post hoc test with a Bonferroni correction for multiple comparisons was performed whenever a significant interaction was found to isolate specific differences. Statistical significance was accepted when P Յ 0.05. Results are presented as means Ϯ SE in text and Figs. 1-4 and as means Ϯ SD in Tables 1-4 .
RESULTS

Participants.
Participant characteristics are shown in Table 1 . All participants who commenced the intervention completed the study and were included in the final analysis. At baseline, there were no significant differences between groups for any of the anthropometric or descriptive variables examined. All participants had HbA 1c levels below the Canadian Diabetes Association prediabetes diagnostic criteria of 6.0 -6.4% (18) . Baseline dietary intake before beginning the study is shown in Table 2 . One participant in the SKEW group failed to return his diet record, and therefore baseline dietary intake data are reported for nine participants in that group. Both groups reported consuming protein, as expected, in a skewed pattern over the day in their habitual diets, eating the majority of protein at the evening meal. At baseline, BAL reported a slightly higher number of daily eating occasions during which Ն30 g of protein were consumed compared with SKEW (1.6 Ϯ 0.7 vs. 1.0 Ϯ 0.3 occasions/day, P ϭ 0.034; Table  2 ). There were no other differences in baseline dietary intake variables between groups.
Physical activity levels and RT variables. There were no differences between groups in daily steps (BAL: 9,080 Ϯ 790; SKEW: 6,782 Ϯ 541), time spent engaged in moderate physical activity (BAL 1.9 Ϯ 0.3; SKEW 1.7 Ϯ 0.2 h/day), or average metabolic equivalents (BAL: 1.4 Ϯ 0.1; SKEW: 1.4 Ϯ 0.0) in the 3-day period before each experimental infusion trial (all P Ͼ 0.5). There were no differences between groups for the product of load (kg) ϫ volume (no. of repetitions) for exercises performed during the training sessions (all P Ͼ 0.5; data not shown). 49 Values are means Ϯ SD; n ϭ 10 participants/group. BAL, balanced; SKEW, skewed; ASMM, appendicular skeletal muscle mass, HOMA; homeostatic model assessment of insulin resistance. Values are means Ϯ SD; n ϭ 10 (BAL) and 9 (SKEW). CHO, carbohydrate; FFM, fat-free mass.
Changes in body composition and anthropometry.
A post hoc power calculation demonstrated that, with our sample size of n ϭ 10/group, we only had 27% power to detect betweengroup differences in body composition changes. Therefore, the body composition data were pooled for analysis. Total body mass decreased over the 4-wk hypocaloric feeding intervention (P Ͻ 0.01), and body mass loss was greater in Phase 1:ER (pooled mean change: Ϫ2.5 Ϯ 0.3 kg) than Phase 2:ER ϩ RT (pooled mean change: Ϫ1.4 Ϯ 0.2 kg; main effect for phase P Ͻ 0.01). Body fat decreased over the intervention (P Ͻ 0.001) with no difference between phases (Phase 1:ER Ϫ1.3 Ϯ 0.2 kg, Phase 2:ER ϩ RT Ϫ1.1 Ϯ 0.2 kg; P ϭ 0.75). Whole body lean mass decreased over Phase 1:ER (pooled mean change Ϫ1.1 Ϯ 0.1 kg, P ϭ 0.003) of the intervention; however, there were no further changes in Phase 2:ER ϩ RT (pooled mean change Ϫ0.2 Ϯ 0.1 kg, P ϭ 0.64). Trunk lean mass decreased in a similar pattern to whole body lean mass with a loss occurring over Phase 1:ER (pooled mean change Ϫ0.8 Ϯ 0.0 kg, P ϭ 0.001) but no further change occurring during Phase 2:ER ϩ RT (pooled mean change Ϫ0.2 Ϯ 0.1 kg, P ϭ 0.523). ASMM (legs and arms) was unchanged in both phases.
Plasma insulin. Fasting insulin concentration and homeostatic model assessment of insulin resistance (HOMA-IR) were similar in BAL and SKEW in all trials. There was a trial ϫ group interaction (P Ͻ 0.05) such that in BAL fasting insulin concentration and HOMA-IR were reduced in trial 2 and trial 3 compared with trial 1 (P Ͻ 0.01), whereas in SKEW fasting insulin and HOMA-IR decreased in trial 2 (P Ͻ 0.05) but returned to baseline levels in trial 3. There was a meal ϫ group interaction for plasma insulin such that TAUC was greater in BAL than SKEW following breakfast and lunch (P Ͻ 0.05), but there was no difference between groups following the dinner meal (P ϭ 0.49; Table 3) .
Plasma amino acids. The TAUC and C max for plasma Αtotal amino acids (TAA), Αessential amino acids (EAA), and leucine in response to the three protein meals consumed during each experimental trial day are presented in Table 4 . There was a meal ϫ group interaction such that TAUC and C max for ΑTAA, ΑEAA, and leucine were greater in BAL than SKEW following breakfast and greater in SKEW than BAL following dinner (P Ͻ 0.05). TAUC and C max after lunch were also greater in BAL than SKEW for ΑEAA and leucine (P Ͻ 0.05). There was a main effect for trial for ΑEAA and leucine, and simple planned contrasts revealed that TAUC and C max were greater in trial 2 (ER) than trial 1 (EB; P Ͻ 0.01) and trial 3 (ER ϩ RT; P Ͻ 0.01). There was a trial ϫ group interaction for ΑTAA such that C max was greater in trial 2 than the other trials in SKEW (P Ͻ 0.01) but not in BAL (Table 4) . Plasma concentrations of leucine over time are illustrated in Fig. 3 . No statistical analysis was performed on the concentration vs. time data.
Muscle protein synthesis. In the fasted state, there was a main effect for trial (P ϭ 0.008) but not for group (P ϭ 0.352) for myofibrillar FSR. Simple planned contrasts revealed that myofibrillar FSR was ϳ14% lower in ER (trial 2) and ER ϩ RT (trial 3) vs. EB (trial 1; P Ͻ 0.05; Fig. 4A ). In the fed state, there were main effects for trial (P ϭ 0.000) and group (P ϭ 0.007) and a trial ϫ group interaction for myofibrillar FSR (P ϭ 0.035). Tukey's post hoc test revealed that myofibrillar FSR was lower in ER than EB in both groups (P ϭ 0.000) but was ϳ19% higher in BAL than SKEW (P ϭ 0.014). In ER ϩ RT, fed-state myofibrillar FSR increased above ER in both groups (P Ͻ 0.05) and in BAL was not different from EB (P ϭ 0.903). In contrast, in SKEW myofibrillar FSR remained ϳ14% lower than EB (P ϭ 0.002) and ϳ16% lower than BAL (P ϭ 0.006, Fig. 4C ). For sarcoplasmic FSR, in both the fasted and fed state, there was a main effect for trial (P ϭ 0.000) but not for group. Simple planned contrasts revealed that sarcoplasmic FSR was reduced to a similar extent in ER and ER ϩ RT compared with EB in both the fasted (ϳ22%) and the fed state (ϳ19%, P Ͻ 0.01, Fig. 4, B and D) .
DISCUSSION
This study demonstrates for the first time that, during ER in overweight/obese older men, consumption of a balanced distribution of daily protein intake (i.e., 3 ϫ 25 g evenly spaced doses of protein) acutely stimulated the synthesis of muscle contractile proteins more effectively than a skewed distribution of the same amount of protein (i.e., 10 g at breakfast, 15 g at lunch, 50 g at dinner). Furthermore, we show that combining RT with a balanced protein distribution restored depressed rates of myofibrillar protein synthesis during ER to those observed during EB.
The recommendation of ER in overweight older adults remains controversial (49) , primarily because of concerns that weight loss to improve metabolic health in overweight older Values are means Ϯ SD; n ϭ 10 participants/group. TAUC, total area under the concentration vs. time curve. Data were analyzed using a 3-factor (group ϫ trial ϫ meal) mixed-model ANOVA with simple planned contrasts and Tukey's post hoc test where appropriate. Plasma insulin concentrations were measured immediately before and 30 and 60 min after all meals and additionally 120 and 180 min after breakfast and lunch, and 240 min after dinner during trial 1 (energy balance), trial 2 (after 2 wk of energy restriction), and trial 3 (after 2 wk energy restriction ϩ resistance training). Postprandial plasma insulin concentrations are expressed as TAUC (U·ml
Ϫ1
·3 h
Ϫ1 for breakfast and lunch, U·ml
Ϫ1
·4 h Ϫ1 for dinner). *Different between groups. †Different from lunch in BAL only. #Different from other meals in SKEW only.
$ Different from other trials.
adults, while associated with health benefits, may exacerbate muscle loss (4, 49) . Several studies have examined the effect of ER on MPS (1, 9, 37, 38, 46) with equivocal results. Such a lack of consistency between the results from studies may be the result of differences in dietary interventions, the methodologies used to assess MPS, the conditions under which MPS measurements were performed, and the characteristics of the population studied. Nonetheless, short-term studies have shown a decline in rested fasted MPS with ER (1, 38) and a reduced capacity to stimulate MPS (37) . Similarly, in the present study we observed that short-term ER in older men was accompanied by a reduction in fasted-and fed-state MPS in both the myofibrillar and sarcoplasmic protein fractions. Because MPS is an energetically expensive process, the ER-induced downregulation of fasted-and fed-state MPS rates may reflect an adaptive response to conserve energy and protein reserves. Taken together, these data suggests that preservation of the MPS response during ER is a viable goal to support the maintenance of muscle mass while allowing for clinically indicated fat loss in a variety of populations. Accumulating evidence indicates that consuming dietary protein at levels beyond the RDA of 0.8 g·kg Ϫ1 ·day Ϫ1 atten- Values are means Ϯ SD; n ϭ 10 participants/group. Cmax, concentration maximum; TAA, total amino acids; EAA, essential amino acids. Data were analyzed using a 3-factor (group ϫ trial ϫ meal) mixed-model ANOVA with simple planned contrasts and Tukey's post hoc test where appropriate. Plasma amino acids concentrations were measured immediately before and 15, 30, 45, 60, 120, and 180 min after all meals and additionally 240 and 300 min after dinner during trial 1 (energy balance), trial 2 (after 2 wk of energy restriction), and trial 3 (after 2 wk energy restriction ϩ resistance training). Plasma amino acid concentrations are expressed as TAUC (nmol·ml Ϫ1 ·3 h Ϫ1 for breakfast and lunch, nmol·ml
·5 h Ϫ1 for dinner) and Cmax (nmol/ml). *Different between groups. †Different from other meals within the same group. #Different from other meals in SKEW only.
$ Different from other trials for ΑEAA and leucine. ‡Different in trial 2 than other trials in SKEW only. Fig. 3 . Plasma concentrations (nmol/ml) of leucine in the BAL and SKEW protein consumption groups in EB (trial 1, A) , after 2 wk of ER (trial 2, B) , and after 2 wk of ER ϩ RT (trial 3, C) . Arrows indicate a protein meal. Values are means (error bars omitted for clarity), n ϭ 10 participants/group. uates lean mass loss during periods of ER in young and older adults (27, 33, 52) . The mechanism for this effect is unknown but may be through preservation of the anabolic sensitivity of skeletal muscle to protein-containing meals (37) . Our data demonstrate that the quantity of protein consumed over the day is not the sole determinant of the potential to stimulate MPS in conditions of ER and suggest that the distribution of daily protein intake may also be important in attenuating the ERinduced decrement in myofibrillar protein synthesis when measured acutely. Indeed, although myofibrillar protein synthesis decreased with both patterns of protein feeding following 2 wk of ER (Phase 1) in the fed state, this reduction was less pronounced when protein intake was consumed in a balanced/ even pattern across daily meals compared with the traditional dietary pattern of skewed protein intake at the evening meal (Fig. 4C) .
We observed that a balanced pattern of protein consumption was even more effective when combined with RT, resulting in the restoration of myofibrillar protein synthesis to levels observed during EB. This synergistic effect of a balanced protein distribution and RT may be attributed to the fact that resistance exercise sensitizes the muscle protein synthetic machinery to protein feeding, resulting in an enhanced MPS response (7, 35) , an effect that has also recently been demonstrated under conditions of ER in young adults (1) . Our data extend these previous findings and show that, during ER, the synergistic effect of RT and protein feeding is still present 48 h after the last exercise bout.
In the present study the effect of daily protein distribution alone and in combination with RT was specific to the myofibrillar fraction, and we observed no influence of protein distribution pattern on the rate of sarcoplasmic protein synthesis. These findings are perhaps to be expected, since previous work has demonstrated that sarcoplasmic protein synthesis is less responsive to amino acid availability (14, 32) and resistance exercise than myofibrillar proteins (8, 35) . Moreover, maintenance of myofibrillar protein synthetic rates is arguably of greater priority given that it is the loss of contractile proteins with aging that plays a greater role in the decrease in muscle mass and strength underpinning sarcopenia (40) .
The superior capacity of a balanced protein distribution to stimulate myofibrillar protein synthesis over the day in ER, both in the presence and absence of prior resistance exercise, was likely the result of greater stimulation following breakfast and lunch in BAL than SKEW during the infusion trials. In support of this hypothesis, we observed that the TAUC and C max for ΑEAA and for leucine were greater in the BAL compared with the SKEW group following breakfast and lunch. An increase in plasma amino acid concentrations is a potent stimulator of MPS, an effect that is graded, saturable, and primarily attributable to the EAA (48) . Furthermore, leucine plays a unique role as a key activator of the translation initiation process (23) , and accumulating evidence supports the notion that a minimum concentration of leucine (systemic or intracellular) threshold must be surpassed to stimulate MPS in response to feeding (10, 34, 51) . As such, the greater fed-state myofibrillar protein synthetic response in the balanced group compared with the skewed group during ER and ER ϩ RT is likely attributable to the aminoacidemia during the infusion trials, rather than a chronic effect resulting from the consumption of daily protein intake in a balanced pattern throughout the 4-wk hypocaloric feeding period.
It could also be speculated that the greater postprandial insulinemia following the breakfast and lunch protein feedings in the balanced group compared with the skewed group may be, at least in part, responsible for the higher MPS in BAL during the ER and ER ϩ RT infusion trials. Indeed, the feeding-induced rise in plasma insulin concentration represents a key factor driving postprandial perfusion, allowing subsequent amino acid delivery to the muscle and/or activating anabolic signaling (29) . Nevertheless, the role of insulin appears to be permissive rather than stimulatory in the presence of hyperaminoacidemia (44) . Gorissen et al. recently reported that carbohydrate coingestion with dietary protein did not modulate MPS in older adults despite an increase in plasma insulin concentrations from ϳ18 IU/ml (protein alone) to ϳ65 IU/ml (protein ϩ carbohydrate) (20) . Therefore, it appears unlikely that the peak insulin concentrations of ϳ18 -27 IU/ml following the breakfast and lunch protein feedings in the skewed group would have limited the MPS response in the current study.
In contrast to the ER and ER ϩ RT conditions, we observed no influence of protein distribution under conditions of EB. This is in agreement with recently published work by Kim and colleagues showing that 24-h mixed MPS was similar with an even (33:33:33% total protein at breakfast/lunch/dinner) vs. a skewed (15:20:65% total protein at breakfast/lunch/dinner) pattern of protein intake in older adults under conditions of EB (22) . The latter findings, in addition to ours, are in contrast to a study by Mamerow et al. showing that the consumption of ϳ30 g of protein at each mixed macronutrient meal stimulated 24-h mixed MPS to a greater extent than skewing protein intake toward the evening meal in younger adults in EB (28) . It is difficult to explain the discrepancy between the results of these studies. However, one possible explanation may be the provision of an insufficient dose of protein per meal in the studies examining older adults. Whereas the exact amount of protein required to maximally stimulate MPS in older adults is unclear, previous estimations put the per meal dose at 30 -40 g (39, 41, 42) . Recently, we suggested a dose of ϳ0.4 g protein·kg
·meal Ϫ1 in older persons (34) . For the participants in the current study, this recommendation would be equivalent to ϳ40 g/meal on average, with estimated optimal intakes of up to ϳ48 g/meal in some of the heavier participants. Therefore, the per meal protein dose of 25 g of WPM (the decision on which was made before our previous results becoming available) consumed by the BAL group during our acute feeding protocol was likely insufficient to maximally stimulate MPS. Although the per meal protein intakes in the even/balanced groups in the study by Kim et al. were ϳ0.3-0.5 g·kg Ϫ1 ·meal Ϫ1 , protein was provided in the context of mixed macronutrient meals which, because of alterations in amino acid absorption and uptake kinetics, may further increase the quantity of protein required to maximally stimulate MPS (22, 51) . In contrast, the 30 g dose of protein provided per meal in the Mamerow study equates to ϳ0.39 g/kg, which is ϳ60% higher than the 0.24 g·kg Ϫ1 ·meal Ϫ1 dose reported to maximally stimulate MPS in young adults (34) and was therefore likely sufficient even though protein was provided in mixed meals.
Intriguingly, that we observed greater myofibrillar protein synthesis over the day with a balanced protein distribution than a skewed distribution under conditions of ER and ER ϩ RT in the present study, even despite a potentially suboptimal per meal protein dose, indicates that the distribution of daily protein likely becomes increasingly important in weight loss situations in older adults. Alternatively, that the influence of protein distribution on myofibrillar protein synthesis was specific to the ER conditions may relate to a potentially greater level of insulin resistance at baseline in the BAL group. Although we did not directly measure insulin resistance in the current study, fasting insulin concentration and HOMA-IR score were higher (although not statistically) in the BAL group compared with the SKEW group on trial 1 (EB). As such, it could be argued that the insulin-mediated increase in endothelial-dependent vasodilation and subsequent amino acid delivery to muscle may have been impaired to a greater extent in the BAL group, thus attenuating the MPS response (44) . If this were the case, it is possible that it may account for our inability to detect a favorable effect of the BAL protein distribution on myofibrillar protein synthesis in trial 1 (EB), whereas during trial 2 (ER) and trial 3 (ER ϩ RT) when fasting insulin concentration and HOMA-IR were more similar between groups (Table 3 ) a positive influence of BAL protein distribution on myofibrillar protein synthesis was apparent. In opposition to this notion, however, a number of studies to date report no influence of measures of insulin sensitivity and glycemic control on the postprandial MPS response (7, 8) .
To date no study has examined the influence of protein distribution on MPS in conditions of ER, and further work is needed to elucidate the mechanisms as to why a balanced protein feeding pattern was beneficial. It will be important in future studies to confirm the influence of protein distribution on MPS during ER in the context of mixed meals comprised of real foods. An assumption of the constant labeled amino acid infusion technique used to measure MPS in the current study is that the tracer labeling in the precursor pool remains in a relative steady state during the infusion protocol. Because mixed meals have unpredictable amino acid absorption kinetics, we opted to feed isolated protein during the infusion trials to minimize disturbances in the precursor pool tracer enrichment. This study was designed to be a tightly controlled, "proof of principle" study to evaluate the MPS response to two different patterns of protein intake. As such, it should be noted that the metabolic responses during the infusion trials (insulinemia, aminoacidemia, etc.) do not fully reflect the BAL and SKEW diets participants were fed between trials.
In conclusion, we demonstrate that, during ER in older men, a balanced distribution of daily protein in amounts previously shown to increase MPS in elderly persons (12) acutely stimulated the synthesis of muscle contractile proteins more effectively than a skewed protein intake with consumption of the majority of protein in the evening meal. Combining RT with a balanced protein distribution rescued rates of myofibrillar protein synthesis during ER to the levels observed during EB. Although further work is required to determine whether our acute observations translate to mixed macronutrient meals and into a long-term functional response, we contend that the combination of RT and a balanced distribution of daily protein in the context of a higher protein diet may represent an effective strategy to allow for fat mass loss during ER without exacerbating sarcopenic muscle loss. In the face of the rising rates of obesity among the growing aging population, these results have potential implications for clinical practice in healthcare professionals working with community-dwelling and institutionalized older adults who have indications for weight loss.
